INTRODUCTION {#S1}
============

Eukaryotic cells have evolved a myriad of mechanisms to protect themselves from environmental stressors such as ultraviolet B (UVB) light. One such mechanism is translational control, which allows stressed cells to conserve resources and rapidly reconfigure gene expression to enhance cytoprotection ([@R26]). A central mechanism directing translational control involves phosphorylation of the α subunit of eukaryotic initiation factor 2 (eIF2\~P). eIF2\~P represses general translation initiation through a reduced ability of eIF2 to combine with GTP and transport the initiator Met-tRNA~i~^Met^ to ribosomes for the initiation mRNA translation ([@R2]; [@R33]). Mammalian eIF2 can be phosphorylated by one of four eIF2 kinases, each of which is activated by distinct stress conditions, including UV irradiation ([@R5]; [@R8]). The convergence of diverse stressors onto this one phosphorylation event has led to this stress response pathway being referred to as the Integrated Stress Response (ISR) ([@R12]). While UVB-induced protective mechanisms, such as cell cycle checkpoint and mitogen-activated protein kinase pathways, are well characterized ([@R19]; [@R21]), the importance of translational control in response to UVB irradiation is less well understood.

Concurrent with global translational repression, canonical eIF2\~P enhances the preferential translation of mRNA transcripts such as that encoding activating transcription factor *ATF4*, a transcriptional activator of ISR genes involved in alleviating stress damage ([@R10]; [@R12]; [@R31]). Additionally, downstream of ATF4 is the proapoptotic transcription factor CHOP (GADD153/DDIT3), as well as GADD34, which inhibits the ISR by enhancing the dephosphorylation of eIF2\~P ([@R4]; [@R16]; [@R20]; [@R22]). Preferential translation of these transcripts occurs through mechanisms involving upstream open reading frames (uORFs) in the 5′ leaders of the mRNAs ([@R24]; [@R31]). It is suggested that chronic stress that induces the eIF2\~P/ATF4/CHOP pathway can switch the ISR from its primary survival function to one that facilitates cell death ([@R17]; [@R23]; [@R28]; [@R32]).

In this study we addressed the induction of the ISR mechanism and its biological significance in the response of human keratinocytes to UVB exposure. Our results suggest that a non-canonical induction of the ISR by UVB in human keratinocytes is central for protection provided by translational control.

RESULTS {#S2}
=======

UVB irradiation induces eIF2 phosphorylation and global repression of translation initiation in human keratinocytes {#S3}
-------------------------------------------------------------------------------------------------------------------

To determine how UVB irradiation affects translational control in human keratinocytes, immortalized (non-transformed) N-TERT keratinocytes and primary human keratinocytes were irradiated with increasing doses of UVB. One, three, and six hours post-irradiation, cell lysates were harvested and subjected to sucrose gradient ultracentrifugation to measure the level of protein synthesis as judged by polysome analyses. UVB irradiation of both N-TERT and primary keratinocytes substantially decreased the amount of cellular mRNAs bound to large polysomes coincident with an increase in mRNAs associated with 80S monosomes, indicating repression of translation initiation in a dose and time-dependent manner ([Fig. 1a, b](#F1){ref-type="fig"}, [Fig. S1a, b](#SD1){ref-type="supplementary-material"}). Quantitative measurement of translational control was obtained by calculating the ratio of polysomes to monosomes (p/m). For example, N-TERT keratinocytes displayed a p/m ratio of 6.4 when the cells were not subjected to stress, whereas there was a p/m value of 2.7 at 6 hours following treatment with 200 J/m^2^ UVB ([Fig. 1a](#F1){ref-type="fig"}). This pattern of reduced p/m ratio was observed following increasing doses of UVB in both N-TERT and primary human keratinocytes ([Fig. 1a, b](#F1){ref-type="fig"}). UVB doses as low as 50 J/m^2^ and as soon as 1 hour post-UVB treatment yielded decreased p/m values, indicating that translational repression occurs following both high and low (non-apoptotic) doses of UVB at times prior to any induction of apoptosis ([Fig. S1a, b](#SD1){ref-type="supplementary-material"}).

Translational control can be mediated via eIF2\~P in response to many environmental stressors. To investigate the levels of eIF2\~P in response to UVB irradiation, we treated cultured N-TERTs with increasing doses of UVB. Six hours post-irradiation, cells were harvested and subjected to immunoblot analyses using an antibody that specifically recognizes the α subunit of eIF2 phosphorylated at serine-51. Increasing doses of UVB resulted in enhanced phosphorylation of eIF2 in a dose-dependent manner ([Fig. 2a](#F2){ref-type="fig"}). \_Levels of eIF2\~P normalized to total levels of eIF2α protein are shown above the immunoblot panel, indicating a maximal response of a 4-fold increase in eIF2\~P following 600 J/m^2^ UVB. eIF2\~P occurred as early as 1 hour post-UVB and continued to increase with time, indicating that the trigger for activation of this pathway is something recognized or produced over time ([Fig. S1c](#SD1){ref-type="supplementary-material"}). Levels of eIF2\~P induced by UVB exposure were similar to that seen with tunicamycin (TM), a potent inducer of ER stress and a known trigger of eIF2\~P. As a control for the keratinocyte UVB response, we showed that increasing doses of UVB led to increased phosphorylation of p53 at serine-15.

To address the effects of global repression of translation initiation at the individual gene transcript level, we performed qPCR on individual sucrose fractions collected during polysome analyses ([Fig. 2b](#F2){ref-type="fig"}) of keratinocytes irradiated with 0 or 600 J/m^2^ UVB using probes specific to beta-2 microglobulin (*B2M*), β-actin (*ACTB*), and eukaryotic initiation factor 4E (*EIF4E)*, which are transcripts not involved in the ISR. The levels of the indicated mRNAs in each fraction were normalized to a firefly luciferase RNA control that was added to each fraction as described previously ([@R1]; [@R24]). Total levels of each transcript decreased in UVB-irradiated fractions compared to non-irradiated controls ([Fig. 2c](#F2){ref-type="fig"}). Furthermore the percent of each mRNA, independent of changes in total transcript levels, shifted from large polysomes (4 or greater ribosomes bound per transcript) towards smaller polysomes (2 or less ribosomes per transcript) in UVB irradiated keratinocytes compared to non-irradiated controls ([Fig. 2d](#F2){ref-type="fig"}). These results support the idea that the translation of mRNAs genome-wide is reduced in response to UVB irradiation in human keratinocytes, with a gradient of repression among different gene transcripts.

UVB irradiation induces robust eIF2\~P in the absence of preferentially translated downstream effectors {#S4}
-------------------------------------------------------------------------------------------------------

Activation of the ISR via eIF2\~P is accompanied by upregulation of ATF4 and CHOP. However, despite a robust induction of eIF2\~P following both high and low doses of UVB irradiation, the amounts of ATF4 and CHOP protein detected were minimal following any dose of UVB ([Fig. 2a](#F2){ref-type="fig"}). In contrast, there were increased levels of ATF4 and CHOP proteins in response to ER stress. Therefore it appears that the ISR is being activated in a non-canonical fashion, as ATF4 and CHOP are known downstream targets of eIF2\~P in response to many stressors not limited to ER stress.

Previous work showed that *ATF4* is preferentially translated during ER stress via mechanisms involving upstream open reading frames (uORFs) in the 5′ leader of its mRNA ([@R31]). We investigated whether *ATF4* is preferentially translated as a result of UVB irradiation, even though we observed no UVB-dependent induction of ATF4 protein. To address this question, relative levels of *ATF4* mRNA were measured by qPCR in each fraction collected by sucrose gradient ultracentrifugation from N-TERT keratinocytes irradiated with 0 or 600 J/m^2^ doses of UVB ([Fig. 2b](#F2){ref-type="fig"}). Total levels of *ATF4* transcript were decreased in UVB-irradiated sucrose fractions compared to non-irradiated controls ([Fig. 3a](#F3){ref-type="fig"}). Interestingly, despite apparently reduced total *ATF4* transcript levels, the percent of *ATF4* mRNA among gradient fractions shifted 50% towards higher polysomes in UVB irradiated keratinocytes compared to non-irradiated controls ([Fig. 3b](#F3){ref-type="fig"}). This finding suggests that if *ATF4* mRNA is available following UVB stress, the transcript can be preferentially translated in response to eIF2\~P. To further test whether *ATF4* can undergo preferential translation following UVB irradiation, we transfected N-TERT keratinocytes with a plasmid encoding the 5′ leader of *ATF4* mRNA inserted between a constitutive TK promoter and a luciferase coding sequence ([@R31]). Therefore, any transcriptional regulation is removed and translation can be regulated through uORFs in the 5′ leader. Luciferase activity increased significantly in cells treated with TM as well as UVB, indicating that preferential translation of *ATF4* can occur in response to both treatments ([Fig. 3c](#F3){ref-type="fig"}).

Given the diminished induction of ATF4 protein expression observed in response to UVB irradiation ([Fig. 2a](#F2){ref-type="fig"}), we measured *ATF4* and *CHOP* mRNA expression and at one, three, and six hours post-irradiation via qPCR. Whereas treatment with TM led to an increase in both *ATF4* and *CHOP* mRNA over time, UVB caused a significant lowering of both transcripts following a UVB dose of 600 J/m^2^ ([Fig. 3d, e](#F3){ref-type="fig"}). This significant decrease in *ATF4* and *CHOP* mRNA levels was also seen following lower doses of UVB irradiation ([Fig. S1d, e](#SD1){ref-type="supplementary-material"}). It is possible that the decrease in *ATF4* following UVB could be a result of a UVB-induced increase in *ATF4* mRNA decay. To investigate this idea, we treated N-TERTs with 0 or 600 J/m^2^ UVB irradiation for 1 hour, followed by an RNA polymerase II inhibitor, 20 μM actinomycin D, for an additional 1, 2, or 4 hours. *ATF4* mRNA levels were then measured by qPCR. The half-life of *ATF4* mRNA was \~4 hours in both control and irradiated keratinocytes ([Fig. 3f](#F3){ref-type="fig"}), indicating that the decrease in *ATF4* in response to UVB is not a result of increased mRNA decay. These results suggest that while *ATF4* can be preferentially translated during UVB-irradiation in human keratinocytes, lowered steady-state *ATF4* mRNA levels resulting from decreased *ATF4* transcription occur in response to UVB and prevent appreciable induction of ATF4 protein.

Repression of downstream ISR effectors provides protection from UVB-induced apoptosis {#S5}
-------------------------------------------------------------------------------------

We hypothesized that the discordant ISR triggered by UVB in which ATF4 and CHOP are repressed, rather than induced, during robust eIF2\~P provides a survival advantage in human keratinocytes. To test this idea, we utilized a derivative of the drug salubrinal, sal-003 (sal), a potent inhibitor of eIF2 dephosphorylation ([@R3]). Cells treated with sal-003 demonstrate enhanced eIF2\~P and forced expression of ATF4 and CHOP in the absence of exogenous cell stress. N-TERT keratinocytes were pretreated with sal-003 for 6 hours prior to UVB irradiation. Sal-003 pretreatment increased ATF4 and CHOP protein levels in both untreated and irradiated keratinocytes in contrast to cells treated with UVB alone which showed increased eIF2\~P but no ATF4 or CHOP protein ([Fig. 4a](#F4){ref-type="fig"}, [2a](#F2){ref-type="fig"}). Combined treatment of sal-003 and UVB also caused a significant increase in apoptosis as measured by caspase-3 specific activity at 6 hours post-irradiation when compared to UVB irradiation alone ([Fig. 4b](#F4){ref-type="fig"}). Similar results were observed in primary human keratinocytes ([Fig. S2a](#SD1){ref-type="supplementary-material"}). Enhanced apoptosis associated with sal-003 pretreatment is seen as early as 3 hours post-UVB, at which point there is no significant induction of caspase-3 activity by UVB alone ([Fig. S2b](#SD1){ref-type="supplementary-material"}). The negative effects of sal-003 in combination with 600 J/m^2^ dose UVB was lost at 8 hours ([Fig. S2a](#SD1){ref-type="supplementary-material"}), indicating that sal-003 is most likely accelerating the onset of apoptosis at higher doses of UVB. Sal-003 alone did not cause a significant increase in caspase-3 activity and did not absorb light in the UVB spectrum. N-TERT keratinocytes collected at three and six hours post-UVB showed a 0 and 4% increase, respectively, in Annexin V-positive cells compared to untreated controls, whereas cells pretreated with sal-003 showed a 38 and 25% increase, respectively. Annexin V staining revealed that the increases in caspase-3 activity with sal-003 pretreatment seen in [Fig. 4b](#F4){ref-type="fig"} and [Fig. S2a](#SD1){ref-type="supplementary-material"} is a result of an increased population of apoptotic cells, rather than simply an increase in enzyme activity. Taken together, these results indicate that combined treatment of sal-003 and UVB, which induced the expression of ATF4 and CHOP, is deleterious to cell survival.

It is possible that the negative effects of combining sal-003 and UVB are a result of something unrelated to the ISR. Therefore to investigate the relative importance of sal-003 induced ATF4 expression, we used short hairpin RNA (shRNA) and a lentiviral delivery system to stably knock down expression of *ATF4* in N-TERT keratinocytes. By knocking down *ATF4*, we prevented its ability to be induced by treatment with sal-003. Knock down of *ATF4* resulted in about 80% reduction in basal *ATF4* mRNA ([Fig. 5a](#F5){ref-type="fig"}) and substantial reduction of induced ATF4 protein by TM, sal-003, and by combined treatment of sal-003 and UVB ([Fig. 5b](#F5){ref-type="fig"}). The caspase-3 activity of shATF4 keratinocytes was not significantly different between cells treated with UVB alone and cells pretreated with sal-003 prior to UVB irradiation ([Fig. 5c](#F5){ref-type="fig"}). Therefore, the knock down of *ATF4* ablated the pro-apoptotic effects of combining sal-003 with UVB. These results suggest that the increase in UVB-induced cell death with sal-003 pretreatment is due to induced expression of ATF4. The N-TERT cells knocked down for *ATF4* did experience a modest, albeit significant, increase in caspase-3 activity when treated with UVB alone, which may be a consequence of ATF4 triggering the expression of genes having anti-oxidation functions ([@R12]).

The ATF4 target gene CHOP is considered to be a potent pro-apoptotic transcription factor whose expression is induced at the transcriptional and translational level during canonical induction of the ISR ([@R30]). We used shRNA to carry out a similar analysis of keratinocytes knocked down for *CHOP* expression. Lentiviral delivery of shCHOP resulted in about a 60% reduction in basal *CHOP* mRNA ([Fig. 5d](#F5){ref-type="fig"}) as well as the loss of induced expression by TM, sal-003, and combined treatment of sal-003 and UVB ([Fig. 5e](#F5){ref-type="fig"}). Depletion of *CHOP* provided even greater relief of apoptosis in response to combined sal-003 and UVB treatment than was previously seen in *ATF4* depleted cells; shCHOP cells treated with sal-003 and UVB actually had significantly less caspase-3 activity than those treated with UVB alone ([Fig. 5f](#F5){ref-type="fig"}). CHOP depleted cells also showed some protection from UVB exposure compared to control cells, which can be attributed to basal levels of the pro-apoptotic CHOP in keratinocyte controls. These results suggest that expression of downstream ISR effector CHOP, whose expression is transcriptionally enhanced by ATF4, is deleterious to keratinocyte survival in response to UVB irradiation.

Translational control elicited by eIF2\~P provides resistance to UVB-induced apoptosis {#S6}
--------------------------------------------------------------------------------------

To address the contribution of the ISR to UVB-dependent translation control and keratinocyte survival in response to UVB, we utilized two strategies to inhibit the ISR. We first exploited a lentiviral delivery system to express a doxycycline-inducible *GADD34* gene in N-TERT keratinocytes. GADD34 serves as a negative feedback regulator of the ISR by facilitating protein phosphatase 1 dephosphorylation of eIF2\~P; therefore, overexpression of GADD34 would effectively block eIF2\~P and translational control in response to stress. Treatment of keratinocytes overexpressing GADD34 with doxycycline (DOX) for 24 hours caused a partial restoration of large polysomes coincident with a decrease in monosomes when treated with UVB ([Fig. 6a](#F6){ref-type="fig"}), as well as blocked induction of eIF2\~P by both TM and UVB ([Fig. 6b](#F6){ref-type="fig"}). Importantly, induced expression of GADD34 caused an increase in UVB-induced caspase-3 activity ([Fig. 6c](#F6){ref-type="fig"}). Secondly, we used ISRIB, a pharmacological inhibitor of eIF2-dependent translational repression ([@R27]). Cells were pretreated with ISRIB for 1 hour prior to UVB irradiation and assayed for changes in polysome profiles or caspase-3 activity. ISRIB caused a substantial restoration of large polysomes in keratinocytes treated with UVB, coincident with a decrease in monosomes ([Fig. 6d](#F6){ref-type="fig"}). Pharmacological inhibition of the ISR also significantly increased apoptosis in response to UVB irradiation, indicating that eIF2\~P indeed provides protection to keratinocytes in response to both high and low doses of UVB ([Fig. 6e](#F6){ref-type="fig"}). Treatment with ISRIB or DOX alone did not cause any change in polysome profiles and did not absorb light in the UVB spectrum (data not shown).

As described above, eIF2\~P causes both a general repression of translation initiation as well as preferential translation of certain mRNAs. Previous studies have shown that the global reduction in protein synthesis elicited by ER stress provides a survival advantage to cells ([@R9]; [@R11]). Since ATF4 expression did not provide protection from UVB-induced apoptosis, we hypothesized that an alternative explanation for eIF2\~P lies in the importance of global translation repression. To investigate the contribution of general repression of protein synthesis to the survival function of the ISR following UVB irradiation, we co-treated GADD34-overexpressing keratinocytes with both DOX and cycloheximide (CHX), a potent inhibitor of translation elongation, and assayed for apoptosis. Whereas overexpression of GADD34 had a negative impact on ability of keratinocytes to survive UVB-induced stress, co-treatment with CHX rescued this phenotype ([Fig 6f](#F6){ref-type="fig"}). This suggests that reduced survival of eIF2\~P-deficient cells following UVB exposure is in part due to their inability to repress protein synthesis levels globally.

DISCUSSION {#S7}
==========

This study addressed the importance of the ISR in the response of human keratinocytes to UVB irradiation. Translational control through eIF2\~P is an important mechanism for enhanced viability of many cells types in response to a multitude of environmental stressors including ER stress and oxidative stress, and in this study we have shown that the ISR is critical for keratinocyte survival following UVB irradiation. Our study has drawn three central conclusions regarding the relative importance of translational control for keratinocyte survival. First, UVB represses global and individual transcript translation initiation in a dose dependent manner ([Figs. 1](#F1){ref-type="fig"}, [S1a-c, and 2c, d](#SD1){ref-type="supplementary-material"}). This is consistent with previous findings using UVC in mouse embryonic fibroblast and HeLa cells ([@R6]; [@R7]; [@R13]; [@R25]). Secondly, the ISR response to UVB does not involve appreciable induced expression of ATF4 and its downstream target CHOP in keratinocytes ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [S1d, e](#SD1){ref-type="supplementary-material"}). *ATF4* mRNA was preferentially translated in response to UVB irradiation ([Fig. 3a-c](#F3){ref-type="fig"}). However, *ATF4* and *CHOP* mRNA levels were significantly reduced ([Figs. 3a, d f](#F3){ref-type="fig"}, and [S1d, e](#SD1){ref-type="supplementary-material"}), suggesting a lack of gene transcript available for sufficient preferential translation to induce measureable protein expression. As UVB did not affect *ATF4* mRNA decay ([Fig. 3f](#F3){ref-type="fig"}), these results suggest that transcription of *ATF4* is repressed during the keratinocyte response to UVB. Repression of ATF4 and CHOP appears to be an important feature of the cytoprotective function of the ISR during UVB stress, as forced ATF4 and CHOP expression during UVB by pretreatment with sal-003 had detrimental effects on the ability of keratinocytes to evade UVB-induced apoptosis ([Figs. 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}). These findings suggest that expression of CHOP, which can be potently pro-apoptotic during different chronic stresses, leads to sensitivity of keratinocytes to UVB irradiation.

The third conclusion of this study is that the repression of general protein synthesis contributes to protection of keratinocytes from UVB-induced apoptosis. Blocking eIF2-dependent translational repression increased cell death in response to UVB ([Fig. 6c, e](#F6){ref-type="fig"}), and treatment with the protein synthesis inhibitor cycloheximide substantially alleviated the harmful effects of ISR deficiency and protected against UVB-induced cells death ([Fig. 6f](#F6){ref-type="fig"}). These results suggest that the ISR attenuation of global translation provides important advantages to keratinocytes exposed to UVB. Reduced protein synthesis would decrease energy and nutrient expenditure, allowing UVB-stressed cells to focus on quality control of existing proteins that can provide protection to UVB damage, such as those related to DNA repair and cell cycle control. Repression of translation may also contribute to lowered levels of key proteins that are short-lived and that function to enhance apoptosis. Furthermore, part of the deleterious functions of ATF4 and CHOP expression during UVB may involve their transcriptional activation of *GADD34*, which facilitates feedback dephosphorylation of eIF2\~P. ATF4 and CHOP can also promote expression of genes involved in protein synthesis, which can lead to premature resumption of high levels translation that can facilitate cell death during stresses that afflict the ER ([@R9]; [@R17]; [@R18]). Therefore, premature resumption of translation accompanying lowered eIF2\~P may render UVB-stressed cells susceptible to complications of folding of existing damaged proteins and an enhanced influx of nascent polypeptides.

Collectively, these studies emphasize the importance of tightly regulated, non-canonical translational control pathways activated in keratinocytes following UVB. The importance of the ISR in the normal keratinocyte response to UVB as described above illustrates the possibility for therapeutic strategies targeting translational control in human skin.

MATERIALS AND METHODS {#S8}
=====================

Cell culture {#S9}
------------

Normal human keratinocytes were isolated from neonatal foreskin tissue as described previously ([@R14]). All protocols using human tissue have been reviewed and approved by the Indiana University School of Medicine IRB and Biosafety Committees. Patient consent for experiments was not required because human tissue excised during routine surgery is considered to be discarded material. UVB irradiation of N-TERT and normal human keratinocytes was performed using two Philips FS20T12 UVB broadband light sources as described previously ([@R15]). Cultured cells were treated with 2 μM tunicamycin (Sigma), 20 μMM actinomycin D (Sigma), 400 nM ISRIB (Xcess Biosciences, San Diego, CA), 1 μg/mL doxycycline (Sigma), or 20 μg/mL cycloheximide (Sigma) as indicated. Generation of N-TERT cell lines expressing the indicated shRNA or specific genes are discussed in the [Supplemental Data](#SD1){ref-type="supplementary-material"}.

Polysome Profiling {#S10}
------------------

Polysome analysis used 10 to 50% sucrose gradients containing 20 μM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM MgCl~2~, and 50 μg/ml cycloheximide as described previously ([@R24]; [@R29]).

Immunoblot analysis {#S11}
-------------------

Immunoblots were performed as previously described ([@R30]). Antibodies used are listed in the [Supplemental Data](#SD1){ref-type="supplementary-material"}.

Measurement of mRNA levels by qPCR {#S12}
----------------------------------

RNA was isolated from cultured keratinocytes using TRIzol reagent (Invitrogen, Life Technologies). Single-strand cDNA synthesis was conducted using the TaqMan reverse transcriptase kit (Applied Biosystems, Life Technologies). mRNA levels were measured by quantitative PCR using transcript-specific Taqman probes or the SYBR Green (Applied Biosystems, Life Technologies) method for changes in polysome fraction distribution on a Realplex2 Master Cycler (Eppendorf, Hamburg, Germany). To measure the levels of target mRNAs, transcripts were normalized to either 18S rRNA or luciferase control RNA (Promega) for changes in polysome fraction distribution. Primer sequences are listed in the [Supplemental Data](#SD1){ref-type="supplementary-material"}.

Luciferase Assay {#S13}
----------------

*pTK-ATF4-luc* and control *Renilla* luciferase plasmids were co-transfected into N-TERT keratinocytes in triplicate using polyethylenimine (PEI) for 16 hours. Transfected cells were treated with 600 J/m^2^ UVB or 2μM TM and collected after 6 hours. Firefly luciferase activity was measuring using a Promega Luciferase Assay System as previously described ([@R31]). Values are a measure of a ratio of firefly versus *Renilla* luciferase units.

Caspase-3 Assay {#S14}
---------------

Caspase-3 activity was measured using a synthetic fluorogenic substrate (DEVD-AMC, Alexis Biochemicals, San Diego, CA) as previously described ([@R15]).

Annexin V Staining {#S15}
------------------

Cells were co-stained with Annexin V (BD Pharminogen, Franklin Lakes, NJ) and propidium iodide (PI) (Life Biosciences). Cells were sorted by flow cytometry; Annexin V positive:PI negative stained cells were considered apoptotic.
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![UVB irradiation decreases global translation initiation in human keratinocytes.\
Keratinocytes were irradiated with the indicated dose of UVB and harvested at 6 hours post-irradiation. Lysates were prepared from N-TERT (a) or primary human keratinocytes (b) and subjected to ultracentrifugation in a 10-50% sucrose gradient. Polysome profiles were generated, and absorbance was measured at 254 nm. Peaks are indicated as 40S and 60S ribosomal subunits, 80S monosomes, or polysome fractions. Polysome to monosome (p/m) ratios are indicated for each dose. Ratios are calculated by measuring the area under each curve for each dose, and dividing the polysome by monosome (80S) areas.](nihms-687599-f0001){#F1}

![UVB irradiation induces eIF2\~P and translational control of individual transcripts in the absence of ATF4 and CHOP protein expression.\
N-TERT keratinocytes were irradiated with the indicated doses of UVB. (a) After 6 hours lysates were prepared and indicated proteins were measured by immunoblot analyses. As controls, cells were subjected to ER stress elicited by 2 μM tunicamycin (TM). Levels of eIF2\~P normalized to eIF2 total are indicated below each dose. (b) After 6 hours lysates were subjected to polysome profiling. Seven fractions (indicated on the x-axis) were collected and total RNA isolated from each fraction. (c) Levels of the indicated gene transcripts from fractions collected in (b) were measured by qRT-PCR. (d) mRNA levels are presented as a percent of total gene transcript to illustrate a shift towards lower polysomes, which is quantified and indicated in red. Polysome to monosome (p/m) ratios are calculated by dividing the sum of fractions 5-7 (≥ 4 ribosomes per transcript) by 1-3 (≤2 ribosome per transcript).](nihms-687599-f0002){#F2}

![UVB irradiation causes both preferential translation and transcriptional repression of *ATF4*. (a) Total RNA was isolated from sucrose gradient fractions collected in (2b), and the levels *ATF4* mRNA were measured by qRT-PCR. (b) Each of the indicated mRNA levels are presented as a percent of total gene transcript. (c) N-TERTs were co-transfected with *pTK-ATF4-luc* and control *Renilla* luciferase plasmids. Luciferase activity is represented as relative light units (RLU). Total levels of *ATF4* (d) and *CHOP* (e) mRNAs following treatment with 600 J/m^2^ of UVB or TM were measured by qRT-PCR at the indicated time points. (f) N-TERTs were exposed to 0 or 600 J/m^2^ UVB, and following 1 hour cells were treated with 20 μM actinomycin D for an additional 1, 2, or 4 hours. *ATF4* mRNA was measured by qRT-PCR. Values are presented as averages +/− standard deviation of three separate experiments (\*, p\<0.05 \*\*, p\<0.01).](nihms-687599-f0003){#F3}

![Expression of ISR downstream effectors sensitizes cells to UVB-induced apoptosis (a) N-TERT keratinocytes were pretreated with 10 μM sal-003 (Sal) for 6 hours prior to irradiation with the indicated doses of UVB. Alternatively, cells were subjected only to Sal, UVB, or no treatment. Cells were harvested 3 hours post-irradiation and the indicated proteins were measured by immunoblot analyses. As controls, cells were subjected to ER stress elicited by 2 μM tunicamycin (TM). (b) Lysates were assayed for apoptosis 6 hours post-UVB by measuring the induction of caspase-3 specific activity. Data are presented as averages +/− standard deviation of three separate experiments. Asterisks indicate a significant difference between groups treated with UVB alone versus a combined treatment of UVB and Sal (\*, p\<0.01).](nihms-687599-f0004){#F4}

![Knockdown of *ATF4* or *CHOP* protects cells during combined sal-003 and UVB treatments Total RNA was isolated from shCTRL, shATF4 (a), or shCHOP (d) cells and analyzed for expression of *ATF4* or *CHOP* mRNAs to validate knockdown efficiency. shCTRL, shATF4 (b), or shCHOP (e) cells were pretreated with 10 μM sal-003 for 6 hours prior to irradiation with 600 J/m^2^ UVB. Lysates were subjected to immunoblot analysis 3 hours post-irradiation. (c) shCTRL and shATF4 cells were assayed for apoptosis by measuring the induction of caspase-3 specific activity 6 hours post-irradiation. (f) shCTRL and shCHOP cells were separately assayed for caspase-3 specific activity. Error bars represent standard deviation, (\*, p\<0.05 \*\*, p\<0.001 \#, p\<0.05 UVB+vehicle versus UVB+Sal in shCHOP cells).](nihms-687599-f0005){#F5}

![eIF2\~P dependent translation repression provides resistance to UVB-induced apoptosis GADD34 overexpressing keratinocytes were treated with 1 μg/mL doxycycline (DOX) for 24 hours to induce GADD34 expression prior to irradiation with 600 J/m^2^ UVB and characterized by (a) polysome profile analysis, (b) immunoblot analysis, or (c) measurements of caspase-3 specific activity. N-TERTs were pretreated with ISRIB for 1 hour and subsequently irradiated with 600 J/m^2^ UVB and subjected to (d) polysome profile analysis or (e) caspase-3 specific activity. (f) Keratinocytes expressing GADD34 were treated with vehicle, 24 hours of DOX treatment, 30 minutes 20 μg/mL cycloheximide (CHX) treatment, or a combination of 24 hours DOX followed by 30 minutes CHX. Cells were then irradiated with 0 or 600 J/m^2^ UVB and assayed for induction of caspase-3 activity. Error bars represent standard deviation (\*p\<0.01).](nihms-687599-f0006){#F6}
